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JELLYFISH

Special Tools for Biological Research
on Earth and in Space

By DOROTHY B. SPANGENBERG

Department of Pathology
Eastern Virginia Medical School

When [ was a youngster beachcombing in Galveston,
Texas, I often saw large numbers of jellyfish washed up

along the beach. I viewed the jellyfish, then, as most
people do today, as nuisances. They cluttered the sand,
often obscuring the more interesting seashell specimens I

was collecting, and, of course, in general, they fouled the
beach. It was years later, while studying at the University of
Texas, Austin, that I began to realize what extraordinary

creatures the jellyfish are and what great tools for biological

research they could be.
My serious studies of the jellyfish, Aurelia aurita (moon

jellies or plates) began in 1962 using a strain collected at
Corpus Christi, Texas. 1 learned that the small polyp form
of the Aurelia can be reared easily in small dishes of sea

water (or artificial sea water) while being fed newly hatched
brine shrimp (Artemia salina). Given good care, which
involves changing the polyps into clean dishes and sea
water after each feeding (now being done in my laboratory

by ODU student Suzanne Davis), the jellyfish polyps will
live indefinitely while continuously reproducing through
budding. Indeed, I still have some of the Texas strain of

jellyfish collected so many years ago!
The most intriguing nature of the jellyfish polyps, to

me, is their ability to metamorphose, giving rise to tiny
immature medusae called ephyrae which have a different
form or shape from the polyps In order to study the

process of metamorphosis in the jellyfish, we had to be able
to induce animals to metamorphose on comn_and After
many years of research, we achieved this purpose by
discovering that the jellyfish needed iodine in order to

make a thyroid-type hormone required for metamorphosis

Today, we can "make'" as many ephyrac <is we need for
our research studies whenever we need them by adminis-

tering iodine and controlling their environmental tempera-
ture. This ability to control metamorphosis of polyps with
iodine treatment led to the development of an exciting new

test system, the Aurelia Metamorphosis Test System.
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A nearly mature ephyra is developing at the top ol a
metamorphosing polyp. Less mature ephyra is under-
neath it. This is magnified approximately 50X.

To date, we have used the Aurelia Metamorphosis Test

System to determine the subtle effects of hydrocarbons
found in oil spills (sponsored by the Department of Energy)
and the effects of X-irradiation on developing ephyrae

(sponsored by Eastern Virginia Medical School and done in
collaboration with Mr. Mike Prokopchak). Currently, we

are using this test system to determine the effects of the

gravity-less environment of outer space on the develop-
ment and behavior of ephyrae (sponsored by NASA). For

this purpose, I am studying the effects of clinostat rotation

on development of the ephyrae and their gravity receptors;
we are looking at the behavior of the ephyrae during 0

gravity achieved for short intervals of 30 seconds in
parabolic flight (in collaboration with Dr. Charles Groan,
Massachusetts Institute of Technology); and we are

planning exposure of developing ephyrae and of mature
ephyrae to the gravity-less environment of outer space via
a six or seven day shuttle experiment
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People ask me, "Why should we fly the jellyfish in outer space, we will study them in detail using various types of

space?" I reply that the jellyfish ephyrae form simple gravity microscopes, including the electron microscope, to deter-

receptor structures which resemble, in a less complicated mine whether they developed normally in space as

way, the gravity receptor structors of higher organisms, compared with controls on earth.

including humans. The gravity-less environment of outer When I walked the beach of Galveston and avoided the

space is still a new, relatively unexplored frontier. We do jellyfish washed up there, I knew nothing about jellyfish

not know, yet, how this gravity-less environment will affect metamorphosis or even that jellyfish made gravity-sensing

the development of biological organisms or their gravity structures lnde_;d,_'t_e, first' space craft'had"not yet gone
receptor structures. Indeed, we do not know what role into outer space'. T'_rough'ba_ic science research of the

gravity may be playing in our own development on earth, jellyfish over the years, however, we learned about the

By comparing development of the ephyrae in space with special features of the jellyfish which make them especially

that of ephyrae on earth, we expect to be able to answer valuable for gravity-related research. Today, when I walk

questions about the importance of gravity which would be the beaches of Norfolk and Virginia Beach, I think about

impossible to answer without the availability of the shuttle the vast numbers of unexplored organisms in the ocean

to take the jellyfish and other organisms into outer space. (and on the beaches) and [ wonder about their special

It's a long journey for the jellyfish from the depths of the features and how they could be used to answer basic

ocean to outer space, yet the jellyfish polyps and ephyrae fundamental questions about living organisms. What a

are especially suited for the trip. They are tiny, require little wonderful opportunity for scientists to have the use of such

or no care during their week-long journey, and have the a smorgasboard of exotic marine animals with such a

capability of forming the special gravity-sensing structures, wealth of special features for exploration. Who knows what

]f the gravity-receptors do not form in outer space, we will important questions will be answered through these aquatic

deduce that gravity was needed for normal development organisms about life on earth and in space today and in the

(having controlled for other factors) and that gravity plays future!

an important role in the normal development of these

structures on earth. If gravity receptors do form in outer

dellu]ish life cycle, above, and drawing of comb jellv on l.eslie Barling Copies are available Jor 504 by writing P.O.

page 4 are jrom Common Jellyfish and Comb Jellies of I_ 809, Moorhead City, NC 28557,

North Carolina bv Frank J. Schwartz and illustrated by

, i
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EFFECTS OF CLINOSTAT ROTATION ON

AURELIA STATOLITH SYNTHESIS

D. Spangenberg, S.Davls and H. Ross-Clunis, III*

downwards on cactus spines embedded in paraffin

in the conical bottoms of autoanalyzer capsule_
(Figure I). The capsules were filled with I0- M

iodine in artificial sea water (ASW) prepared

according to Spangenberg (1967). The caps of

the capsules were filled with paraffin to elimi-

nate bubble formation in the capsules, and the

cap-capsule junction was covered with pressure

sensitive tape to prevent leakage of the solu-

tion or evaporation. The capsules were tightly

held in a 9 inch long glass tube with plastic

joiners and the tube was attached to the shaft

of the clinostat.

Department of Pathology and *Department of

Endocrinology, Eastern Virginia Medical School,

Norfolk, VA 23501.

Aurelia ephyrae develop eight graviceptors

(rhopalla) during their metamorphosis from

polyps, which are used for positional orienta-

tion with respect to gravity.

In three experiments for each speed of 1/15,

L/8, I/4, I/2, I, and 24 rpm, groups of six

polyps were rotated in the horizontal or verti-

cal plane (control) using cllnostats. Other

controls were kept stationary in the two planes.

Ten ephyrae from each group were collected after

5-6 days at 270C in iodine and the number of

statollths per rhopalium were counted. Statis-

tical analyses of statolith numbers revealed

that horizontal cllnostat rotation at I/4 and Figure I.

Cactu_ _ _ - * : 5 to 8

sp,. j \ _ ;__L-- _,,o,,..o_

Polyp- _ _r i _ i

_..> c_.,.>
VERTICAL nOTArio_

_RIZONTA_ R_TATbON

Orientation of the polyps and
I/2 rpm caused the formation of significantly

fewer statoliths per rhopalium than were found

in controls. The finding that these slow rates

of rotation reduces statolith numbers suggests

that the developing ephyrae were disoriented

with respect to gravity at these speeds, caus-

ing fewer statocytes to differentiate or to

mineralize.

INTRODUCTION

Using the Aurella Metamorphosis Test System

(Spangenberg, 1984), we have been investigating

the effects of cllnostat rotation in the hori-

zontal plane on the development of ephyrae and

the synthesis of their statoliths.

Aurelia polyps are especially suited for

gravity-related research because they are very

small (2-4 mm), form ephyrae with gravity

sensing structures (rhopalla) in 5-6 days, and

can be used for cllnostat studies. During

Iodine-induced metamorphosis (Spangenberg,

1967), ephyrae develop in sequential order from

the oral to the aboral end of the polyps. Eight

rhopalia with sacs of statoliths at their distal

ends form per ephyra. These statoliths are com-

posed of calcium sulfate dihydrate (Spangenberg

and Beck, 1968) and only one statolith forms per

statocyte.

METHODS

Two clinostats, made according to the design

of Tremor and Souza (1972), were used for these

studies. Jellyfish polyps were impaled head

R_ri_d. _ith petition. #ore Physi_og_t. Coat,At _ 1_5 Art_ri_n Pky$i_i_l Socic_.

developing ephyrae during clinostat rotation.

Three tests were done for each clinostat

speed using groups of 6 polyps (one per capsule)

and speeds of 1/15, I/8, I/4, I/2, I, and 24 rpm

were used. For each test, polyps were (I)

rotated in a horizontal plane; or (2) rotated in

the vertical plane; or (3) kept stationary in

the horizontal position and placed near to (i);

or kept stationary in the vertical position and

placed near to (2). After 5-6 days at 27°C, the

polyps formed ephyrae in all of the groups, and

the ephyrae were removed from the spines in the

capsules and squashed in a wet film. The excess

ASW was removed to flatten the animals, causing

the statoliths to spread, so that the number of

statoliths per rhopalium per ephyra could be

counted and recorded (Figure 2). Statistical

analyses were done on the number of statoliths

formed per rhopalium using an ANOVA and the

Duncan's New Multiple Range Test.

L ;.

Figure 2. Statollths spread in ephyra squash

preparation.

ORIG!N,_L P,",C:_E

L_L;kC_<AND WHITE PHOTOG_AP'H
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RESULTS

Comparison of the numbers of statollths

formed by ephyrae which had developed during

cllnostat rotation in the horizontal plane with

controls were made using an ANOVA which revealed

significant differences between the groups at

the p<.01 level and the Duncan's New Multiple

Range Test. The latter test showed that those

ephyrae which developed during rotation in the

horizontal plane or I/4 or I/2 rpm had signifi-

cantly fewer statoliths than controls which were

rotated at these rates in the vertical plane or

were kept stationary (Table I). Ephyrae rotated

in the horizontal plane at the other speeds of

rotation did not have significantly different

statolith numbers than controls.

Table I. Numbers of statoliths in ephyrae which

developed during cllnostat rotation. (120 ephy-

rae in 3 tests per rotation speed).

Duncan's New Multiple Range Test

Rotation Clinostat Clinostat Control Control

Speed (Horizont. (Vertical (Horizont. (Vertical

(rpm) Plane) Plane) Plane) Plane)

1/15 25.7 25.6 26.3 23.8

1/8 22.0 19.9 19.2 17.0

1/4 *20.2 25.1 25.0 27.3

1/2 *22.7 25.4 25.5 24.5

I 22.0 16.9 20.9 17.4

24 32.7 27.6 30.5 29.6

*Mean numbers of statoliths per rhopalium of

ephyrae rotated in the horizontal plane which

are significantly different from controls, p=.01

DISCUSSION

A variety of developmental and maturational

effects have been found in plants and animals

following cllnostat rotation in the horizontal

plane (Miquel, 1984; Brown, 1984; and Walgemuth

and Grills, 1984). Clinostat effects have been

found using both slow and fast clinostat rota-

tion. The reduced statolith formation in the

jellyfish ephyrae rotated at I/4 and I/2 rpm

is a response to slow clinostat rotation. Other

biological systems responding to slow clinostat

rotation in the horizontal plane include: the

formation of more developmental anomalies in R.

p__iens and X. laevis following rotation of

their egg at I/4 rpm (Tremor and Souza, 1972);

disturbed tobacco protoplast regeneration by

rotation at 4 rpm (Iversen and Baggerud, 1984);

and the delay of flower formation, seed produc-

tion, and seed maturation which was found by

Hoshlzaka (1984) following rotation of Arabi-

dopsls followlng clinostat rotation at 1/4 rpm.

A feature common to clinostat studies is the

finding (as in the jellyflsh statollth research)

that rotation of organisms at some cllnostat

speeds elicit biological responses whereas no

response occurs following rotation at other

speeds. Lyon (1979) while referring to his ex-

periments with Coleus and tomato plants reported

that the difference in rotational time require-

Rents for organs with different patterns of

growth and hormonal controls illustrates the

impossibility of setting a fixed rule for opti-

mal rate of rotation of a cllnostat. Iverson

and Baggerud (1984) were unable to decide from

their experiments which type of clinostat (fast

or slow) provides the best simulated micro-

gravity environment. These authors concluded

that the response of their organisms indicated

them to be a sensitive tool for studies of

gravity effects which should be further tested

in a real microgravity environment. Gruener

(1984) also concluded that "it is impossible at

present to assess the fidelity with which clino-

stat rotation simulates zero hypogravlty encoun-

tered in space". Brown (1984) compared bio-

logical responses of plants rotated on the

cllnostat wlth those exposed to the microgravity

environment of space. He found that clrcumnuta-

tion in plants occurred more vigorously In space

than on the earth-based clinostat.

The mechanisms through which cllnostat-rota-

tion in the horizontal plane reduces statollth

numbers in developing ephyrae is not known. In

other organisms, such rotation has been reported

to: cause mixing of intracellular constituents

in frog eggs (Tremor and Souza, 1972); reduce

movement of an auxin in Coleus and tomato plants

(1970); significantly alter the functional

interactions between the elements of a proto-

typic synapse in cultured cells of X. laevis

(Gruener, 1984); cause a decrease in the content

of starch grains in chloroplasts in protoplasts

of tobacco using the slow but not the fast

clinostat and to produce minor differences

between protein patterns of rotated protoplasts

and controls (Iversen and Baggerud, 1984).

Statollth synthesis in rhopalia of Aurelia

ephyrae appears to be sensitive to disorienta-

tion of the organisms with respect to gravity.

It is, therefore, possible that statolith syn-

thesis will also be affected by exposure of

developing ephyrae to the microgravity of space.

Indeed, changes occurring in rhopalia following

development in space could provide information

which can lead to the identification of mechan-

isms through which microgravlty affects stato-

lith synthesis and through which gravity influ-

ences normal development of statol_ths and

rhopalia on earth.
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Metabolism of Nonessential lSN-Labeled Amino Acids

and the Measurement of Human Whole-Body
Protein Synthesis Rates 1

T. P. STEIN,*? R. G. SETTLE,$ J. A. ALBINA,$
D. T. DEMPSEY ANDG. MELNICKT

*Department o] Surgery, University of Medicine and
Dentistry of New Jersey, School of Osteopathic Medicine,
Camden, N] 08103; ?Departments of Surgery and

Otorhinolaryngology, University of Pennsylvania,
Philadelphia, PA 19104.

ABSTRACT Eight tSN-labeled nonessential amino acids plus _SNH4C1were ad-
ministered over a 10-h period to four healthy adult males using a primed-constant dosage
regimen. The amount of _SNexcreted in the urine and the urinary ammonia, hippurie
acid and plasma alanine lSNenrichments were measured. There was a high degree of
consistency across subjects in the ordering of the nine compounds based on the frac-
tion of _SNexereted (Kendall coefficient of concordance W=0.83, P < 0.01). Protein
synthesis rates were calculated from the urinary ammonia plateau enrichment and
the cumulative excretion of _SN.Glycine was one of the few amino acids that gave
similar values by both methods. J. Nutr. 116: 1651-1659, 1986.

INDEXING KEY WORDS _SN • nonessential amino acids • protein
synthesis

We are interested in the use of lSN-labeled

glycine as a tracer for determining the hu-
man whole-body protein synthesis rate.
There are several variants, the principal
ones being 1) methods based on the enrich-
ment of the urinary ammonia (1,2), 2) decay
curve analyses based on the decay of isotope
enrichment in the urine or plasma following
a single pulse, (3-5), 3) from the cumulative
excretion _SNexcreted (6-8) and 4) a primed
constant infusion-flux method (9).

Although several other methods involving
_C-labeled amino acids have been described,
the methods using _SNare particularly suit-
able for use outside a hospital or clinical
research center. The principal advantages of
15Nare: 1) inN can be used for single dosage-
single sampling point methods, 2) serial sam-
piing is not required and 3) there is no need
to collect and analyze exhaled breath.
Although other |SN-labeled amino acids have

been used, for example, alanine (10), aspar-
tare (11) and lysine (9, 12), glycine is the most
frequently used _SN-labeled amino acid be-
cause of its availability and relatively low
price (13).

This study was designed to determine
whether any of the other nonessential amino
acids labeled with _SNoffer any advantages
over glycine. We compared the glyeine-
based protein synthesis rates (PSR) using
both the urinary ammonia plateau, _SN
enrichment and a cumulative excretion
method against those found with other _SN-
labeled nonessential amino acids. We also
compared the relative effectiveness of glycine
in transferring _SNto plasma alanine, urinary
ammonia and urinary hippuric acid.

© 1986 American Institute of Nutrition. l_¢_lved for publ/caUon:

21 June 1985. Accepted for publication: 7 May 1986.

=Supported by USPHS grant [AM33431 and NASA contract t9-16874.

1851

Reprinted, with permission, from Journal of Natritlon, Vol. 116, p. 1651-1659. Copyright ¢D 1986 by the Arntrican Institute of Nut_tion.
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MATERIALS AND METHODS

The subject population consisted of four
healthy adult males between 27 and 42 years
of age. Informed consent was obtained in
accordance with the policies of the Gradu-
ate Hospital and the University of Pennsyl-
vania, Philadelphia, PA.

Eight tSN-labeled nonessential L-amino
acids plus [tSN]ammonium chloride were
tested. [_SN]glycine (99%) and arginine
(96%) were obtained from US Services/
ICONS, Summit, NJ; [_SN]alanine (99%);
_SNH,CI (99%) and [_SN]glutamic acid
(99 %) from KOR Isotopes, Inc. (now ICN),
Cambridge, MA; [_N]aspartic acid (98 %),
[15N]serine (99%) and [15N]amido-labeled

asparagine (99 %) from Merck and Co., St.
Louis, MO. and [15N]amido-labeled gluta-

mine (99 % ) from Cambridge Isotopes, Inc.,
Cambridge, MA. Chemical and isotopic pu-
rity were verified by gas chromatograph-
mass spectrometry (GC-MS). The amino
acids were converted to their N-acetyl
isopropyl derivatives, and the spectra were
compared with the appropriate spectra
from unlabeled compounds.

The total dose of tSN ranged between 20
and 100 mg _SN per subject. For the more ex-

pensive amino acids, the first subject took
between 35 and 70 mg _N. The results were
then analyzed and a decision made as to the

minimum amount needed to give accurate
data, and that dose was given to subsequent
subjects. The reason for doing so was to
minimize the cost of the study. The total
dose (20-100 mg 15N) was divided into 13

equal aliquots and placed in gelatin cap-
sules. Each capsule also contained 300 mg of
sodium benzoate. Glycine is conjugated
with benzoic aeid in the liver to give hip-
purie acid, which is excreted in the urine.
Thus the urinary hippuric acid provides a
means of sampling the hepatic glycine pool
(14).

The nine _SN-labeled compounds were
given in random order at approximately one
per month to the four subjects. The study
was started at 0700, after an overnight fast,
with the subject voiding and taking a prim-
ing dose of four capsules. The remaining nine
capsules were taken at hourly intervals
thereafter. Each time the subject took a cap-

sule he drank 50 mL of Ensure (Ross
Laboratories, Columbus, OH). Ensure is a
defined formula diet containing 1 kcal/mL.
The 50 keal/h of Ensure was given because
this caloric intake (500 kcal/10 h) approxi-
mated the subjects' normal caloric intake
for the period 700 to 1700. Subjects were per-
mitted to consume noncaloric beverages

(water, coffee or tea but with no cream or
sugar) and nothing else from 0700 to 1700.
At 1700, 7.0 mL of blood was drawn. Sub-

jects collected a pooled urine for the period
0700 to 1230, after which time urine was col-
lected approximately hourly until 1700. Dur-
ing the I0 h of the study the subjects
performed their normal duties, which con-
sisted of a combination of laboratory and
office work.

Analytical methodology. Two methods
were used for _SN analysis. Plasma alanine
enrichments were determined by GC-MS,
and optical emission spectroscopy was used
for the urinary nitrogen, ammonia and hip-
puric acid and the plasma urea. The sensi-
tivity of the GC-MS and optical emission
methods are +0.2 and ±0.02 atom percent
excess, respectively, in the range studied.
Optical emission is the simpler technique,
but requires a larger sample (3 #g of N2)
than the GC-MS method. Briefly, optical
emission spectroscopy involves the irradia-
tion of N, gas in a sealed 6-mm Vycor glass
tube (Coming, Inc., Corning, NY) at 3
mmHg pressure with radio frequency
energy. The N, molecules absorb the energy
and reemit some of it as mauve light. The
intensities of the emitted light at 297.68 nm

(l'N,) and 298.29 nm (15Nl*N) are compared
by a standard monochromator-photomulti-
plier arrangement. This method requires that
all samples be converted to N, gas, and this
is usually accomplished by conversion to am-
monia first and then oxidation to N, by alka-

line hypobromite (15).
The blood urea nitrogen (BUN) was de-

termined by the urease method using Sigma
diagnostic kit #640 (Sigma Chemical Co.,
St. Louis, MO). For determination of the
isotopic enrichment of the BUN, water (1
mL) and urease solution (2.0 mL, 0.21 mg
urease/mL in 0.1 M phosphate buffer, pH
6.5) was added to plasma (2.0 mL). After in-
cubating for 30 min at 37 °C, K,CO3 (5 mL)
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and 2-octanol (8 drops) were added. The
ammonia was removed by aeration and col-
lected in 0.1 N H2SO4 (1 mL). Total urinary
nitrogen was measured on 1 mL of urine by
the Kjeldahl method. Urinary ammonia was
isolated from urine (5 mL) by adding satu-
rated K2CO3 (5 mL) and aerating was done
as described above for the BUN. The _SN en-

richment of the urinary ammonia, total uri-
nary nitrogen for each void (Kjeldahl distil-
lates) and ammonia from the urease

reaction on the BUN were determined by
optical emission spectroscopy as previously
described (15, 16).

Hippuric acid was isolated from the urine
by crystallization after adjusting the urine
concentration to 30 % with sodium chloride

(16). Occasionally the hippuric acid did not
crystallize out. For those samples the urine
(5 mL) was adjusted to pH 1 with concentra-
tion. H,SO4 and the urine extracted three
times with ether (5 mL). The ether extracts

were combined and evaporated to dryness.
The pale straw residues from either the salt

precipitation or the ether extractions were
dissolved in minimal hot water. On cooling
at 4 °C, white needle-shaped crystals of hip-
puric acid separated out. The hippuric acid
was then converted to (NH4)2SO4 by Kjel-
dahl oxidation and analyzed for 'SN by opti-
cal emission spectroscopy as described above.

The enrichment of the plasma alanine
was determined by converting the plasma
amino acids to their N-acetyl isopropyl es-
ters as previously described (15). GC-MS
analysis was done on a Hewlett-Packard
5992A GC-MS in the selective ion monitor-

ing mode (SIM, ref. 15). The fragments at
186 amu (atomic mass units) and 187 amu
were monitored. The parent peak is at 186
amu.

Methods of calculation. Fraction of 'SN ex-
creted. The amount of the administered dose

excreted (*e) was calculated by summing the
'SN excreted in each urine sample collected
over the 10-h period and the 'SN remaining
in the body urea pool at 10 h. The latter was
calculated from the blood taken at the end

of the experiment. The size of body urea pool
(in grams) was estimated from the BUN (in
milligrams/100 mL) using an equation der-
ived by Hume and Weyers (17):

urea pool -- UDS x 102 x BUN

where UDS is urea distribution space and
UDS = (0.195 x ht in centimeters) + (0.297
x wt in kilograms) - 14.013. Thus 15N in

urea pool = UDS (in liters) x BUN (in
grams/liter) x BUN 15N (atom percent ex-

cess) x 0.01.
Whole-body protein synthesis rates. The

whole-body protein synthesis rate (PSR) was
calculated from the urinary ammonia 'SN
enrichment at plateau (18) and from the to-
tal amount of 'SN excreted (6-8). From the
urinary ammonia, PSR was calculated as
follows:

Q = *d/A and Q = E + S
where Q is nitrogen flux in grams N/hour;
*d is rate of 'SN glycine administration in

grams N/hour; A is '_N abundance in the
urinary ammonia at plateau (APE'0.01);
E is rate of N excretion in grams N/hour; S
is rate of protein synthesis in grams N/hour;
and APE is atom percent excess 'SN.
From the total 'SN excreted (cumulative ex-
cretion), PSR was calculated as:

S = Er.('d/*e- 1)
where *d is amount of lSN given in grams N
10/hour; *e is amount of 'SN excreted (urine

+ BUN) in grams N 10/hour; E r is amount
of N excretion in grams N 10/hour; and S is
rate of protein synthesis in grams N 10/hour.

The total amount of 15N excreted (°e) was

defined as described above. In this study, we
assumed that there was no change in the
BUN during the course of the study, and the

15amount of N in the tissue free amino acid

pools at 10 h was negligible (5, 19).

RESULTS

A one-way, repeated-measures design
analysis of variance was run on each meas-
ure: 1) % of 15N excreted, 2) PSR by a cu-
mulative excretion method, 3) PSR from the
urinary ammonia lSN plateau, 4) urinary
NHa 'SN enrichment at plateau, 5) plasma
alanine _SN enrichment and 6) the urinary
hippurie acid _SN enrichment. The results

are summarized in figure 1 and table 1. The
Kendall coefficient of concordance (W) was
determined for each of the above measure-

ments to provide a measure of the degree of
consistency across subjects ("intersubject
reliability") for the amino acids (table 1, ref.
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Fig. 1 Percentage of :SN excreted from various nonessential amino acids. Data is mean ± SEM, n=4.
Numbers between groups are P-values.

20). The major findings of this study were:
1) There were significant differences in the

fraction of _SNexcreted among the various
amino acids. The nonessential nitrogen
compounds studied appeared to fall into
five well-defined groups (figure 1).

2) There was high intersubject reliability
in the ordering of the nine compounds based
on the fraction of _SN excreted (W--0.83,

P < 0.01). All of the other aSN parameters
except alanine also showed high intersubject
consistency among subjects (table 1). As ex-
pected, parameters reflecting unlabeled
nitrogen, such as nitrogen excretion and the
BUN showed poor intersubject consistency
(W < 0.35).

3) There was significantly less transfer-

ence of 15N from guanido-labeled arginine

TABLE 1

Summary of synthesis rates calculated by flux (PSRr) and cumulative excretion (PSRr) methods and
JSN enrichment of the urinary ammonia, hippuric acid and plasma alanine ]

PSR T PSR F

Urine Urine Plasma

hippuric ammonia alanine
acid lSN J_N 15N

g protein kg per d APE

Arginine 2.4 + 0.7" 27.6 ± 7.5" 0.05 ± 0,02" 0,06 ± 0.01" 0.67 ± 0.i5 b'=
Serine 4.4 ± 0.6 ''b 6.6 ± 4,5 b'e 2.03 ± 0,26 b 0.26 ± 0.06 b 0.71 ± 0.29 .'b

Glycine 4.3 ± 1.0 °'b 5,2 ± 1,9 ='d 1.93 ± 0.31 b 0.23 ± 0.06 b 1.71 ± 0.89 °
Asparagine 4.8 ± 2.1 .'b 9,2 ± 2.2 b 0.12 ± 0.01 f 0.16 ± 0.13 c 0.91 ± 0.69 °'b
NH4C1 7.2 ± 2.7 b'© 13.2 ± 2.5 = 0,26 ± 0.02 a 0.11 ± 0,02 c 0.58 ± 0.08 _
Glutamate 6.2 ± 1.2 b 7.2 + 1.9 e'd 0.26 ± 0.04 d 0,19 ± 0.03 b 0.89 ± 0.10 "'b

Aspartate 6.9 ± 1.9 bx 10.3 ± 4.5 ''b 0.23 ± 0.02 d'" 0.16 ± 0.05" 0.83 ± 0.11 °'b
Glutamine 9.4 ± 2.7 = 5.1 ± 3.1 d 0.17 ± 0.02" 0.25 ± 0.05 b ND
Alanine 10.4 ± 3.3 = 9.2 ± 2.4 b 0.35 ± 0.02 _ 0.15 ± 0.03 c 0.99 ± 0.42"

Mean 6.1 ± 0.9 10.4 ± 2.6 0.60 ± 0.28 0.23 ± 0.05 1.07 ± 0.34

W (P) 0.79 (0.02) 0.72 (0.05) 0.97 (O.01) 0.84 (0.01) 0.42 (NS)

]Values are means ± SEM.ND, no data. Unlike superscripts differ by P<0.05. APE is atom percent excess (]SN).

W is the Kendall coefficient of concordance (20).
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to ammonia or hippuric acid than from any
other compound (table 1).

4) Two of the subjects excreted a very
large proportion of the guanido N from ar-
ginine as urea (48 and 44 % vs. 23 and 21% ).

5) Less 15N from alanine and glutamine
were excreted than from any of the other
compounds tested (fig. 1).

6) Reasonable urinary ammonia _SN
plateaus were obtained for the nine com-

pounds (figure 2).
7) There was no close relationship be-

tween the protein synthesis rate based on the
urinary ammonia l_N enrichment (PSRF)
and the value derived from the total amount

of tSN excreted (PSRT).

DISCUSSION

Selection of study conditions. The norm al
dietary intake between 0700 and 1700 of the
four subjects ranged from breakfast (toast
and coffee) and a meal for lunch to black
coffee only. The dietary regimen (50 kcal/h)
of Ensure was a compromise designed to ap-
proximate the mean normal nutritional in-
take of the four subjects for that period.
During the study, the subjects performed
their normal daily duties.

As a proportion of the oral diet given, the
test amino acid may have represented up to
a 50 % increase in the dietary amount of the
test amino acid. Such relatively high
dosages are routinely used in stable isotope
tracer studies because of the relatively high
enrichment levels needed for detection with

most currently available analytical equip-
ment (9). The "tracer" amino acid is mixed
with the much larger pool of amino acids
derived from protein breakdown so that the
contribution to the amino acid flux ap-
proaches a tracer dose ( - 5 % ; refs. 9, 18, 19,
21).

Excretion of _SN. There was high inter-
subject reliability in the ordering of amino
acids based on the fraction of 15N excreted

(W=0.83, P>0.01). Furthermore, the com-
pounds tested appeared to fall into five well-
defined groups (fig. 1): 1) arginine, 2) serine
and glycine, 3) asparagine and ammonia, 4)
glutamate and aspartate and 5) glutamine
and alanine (fig. 1). These groupings corre-
spond to 1) an amino acid which is a very

close precursor of urea (arginine), 2) amino
acids which are interconvertible and metabo-
lized via ammonia and one carbon transfer

reactions (serine and glycine), 3) com-
pounds that are metabolized as ammonia
(NH_CI and asparagine, which is hydro-

lyzed to ammonia in the gut), 4) amino
acids whose carbon skeletons play key roles
in intermediary metabolism (aspartate and
glutamate) and 5) dual-function amino
acids where the carbon skeleton is involved

in intermediary metabolism and interorgan
nitrogen transport (glutamine and alanine).

Although it was expected that a large
proportion of the nitrogen from arginine
would be metabolized to urea, the magni-
tude in two of our four subjects was surpris-
ing (48 and 44% vs. 21 and 23%). This may
be due to human variability (22). Arginine
has been reported to be a marginally essen-
tial amino acid (23).

Trans]erence of inN to other nonessential

amino compounds. A high degree of con-
sistency across subjects in the ordering of
amino acids was found for the 15N enrich-

ment of urinary ammonia and hippuric acid
but not for alanine (table 1), possibly be-
cause of the lower sensitivity of the GC-MS
analysis (±0.2 atom percent excess). Like
the alanine and hippuric acid I_N enrich-
ment, the urinary enrichment of ammofiia
is another indicator of aSN transference but
reflects both the enrichment of the free

amino acid pools and the proportion of am-
monia derived from the carrier amino acid.

No other amino acid transferred signifi-
cantly more 15N to urinary ammonia or
plasma than glycine (table 1).

Calculation of protein synthesis rates.
Although all estimates of the human body
protein synthesis rate are based on the three-
pool compartmental model developed by San
Pietro and Rittenberg (5), there are many
variants, each of which is based on slightly
different sets of assumptions (18, 19, 24, 25).
From all of these methods a consensus has

emerged that the daytime human whole-
body PSR is in the range of 1.5 to 6 g pro-
tein/kg per d. In this study we obtained val-
ues from the urinary ammonia plateau _SN
enrichment and from total amount of _N ex-

creted. There was no apparent relationship
between the whole-body PSR values derived
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Fig. 2 Urinary ammonia enrichments for the urine specimens collected between 1230 and 1700. Data not
normalized.

from the urinary ammonia and total excre-
tion of 15N.

Cumulative 15N excretion. The basic as-

sumption underlying the end point ap-
proach is that administered 'SN is parti-

tioned between end product (urea) and
protein in the same proportion as total
nitrogen, most of which is derived from en-
dogenous protein breakdown. Although this
issue has been addressed by several authors
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previously, it is still not resolved for _SN (7,
8, 13). The partitioning coefficient, or syn-
thesis rates derived therefrom, should be in-

dependent of the route of isotope adminis-
tration. Unless they are, one or both routes
of isotope administration cannot reflect the
composite endogenous nitrogen metabo-
lism. Thus this study yields data on two
criteria: 1) the calculated PSR should be in

reasonable agreement with the value de-
rived by other (carbon-labeled) methods,
and 2) there should be reasonable agreement
between the intravenous and orally derived
values.

Most of the PSRs calculated by the cu-
mulative excretion method in the present
study are within the "consensus range" of 1.5

to 6 g protein/kg per d. The oral values
found for glutamine and alanine (10.4 and
9.4 g protein/kg per d) in this study were
high, although rates within the "consensus
range" have been reported with the in-
travenous route (2.8 and 3.6 g protein/kg per
day), respectively (10, 24). The oral aspar-
tate and glutamate values are also elevated
(table 1). These four amino acids are, as
pointed out above, dual-function amino
acids, and the second function can affect the
partitioning of nitrogen. Previously, Tarunga
(26) reported that essential amino acid
nitrogen was unsuitable as a tracer because
the nitrogen metabolism reflected the
metabolism of the carbon skeleton. This

study extends that conclusion to nonessen-
tial amino acids where the metabolism of

the amino acid is dependent on both the
partitioning between synthesis and excre-
tion and the role in intermediary metabo-
lism of the deaminated amino acid. Glycine
meets the criteria of having no other major
metabolic role if serine is regarded as part of
the glycine pool. Glyeine gives the same
values orally or intravenously (25).

Urinary ammonia. There are at least two
routes by which *_N can be transferred to
ammonia and then excreted in the urine.

One is by entering, mixing and equilibrat-
ing with the body's free amino acid pools, a
key assumption of both the flux and end
product approaches. The other is by serving
as a precursor to urinary ammonia without
having attained isotopic equilibration in the
tissue free amino acid pools. Different

amino acids contribute differently to the
urinary ammonia, although the major
precursor is plasma glutamine, and this may
explain the lack of correlation between the
methods (table 1, ref. 24). The values de-
rived for the two methods were more similar

for glycine than for any other *SN compound
tested.

The cumulative excretion method is much

less dependent on the urinary ammonia en-
richment because more than 90 % of the _SN

is excreted as urea. These uncertainties, the
lack of correlation with the more theoreti-

cally sound total-excretion-based values and
the range and scatter in the flux-based
values suggest that the cumulative excretion
of total aSN is the preferable approach.

Use of JnN-labeled nonessential amino
acids as tracers. There is some question as to
how widely applicable single-isotope whole-
body methods are. Anomalously high PSRs
have been reported with glycine (8, 27),
tyrosine (28) and leucine (29) in situations
where there was hepatie insufficiency. The
liver is particularly important in the mixing
and equilibrating processes. Unexpectedly

low (negative values) have been found with
[ 1-1_C]leucine in human subjects on low pro-
tein diets and during a simulated triathlon
(30, 31). The fact that apparently anomalous
results are found with several tracers suggests
that the effect is not specific to the amino acid
used but a failure of the model where liver

insufficiency or other serious perturbations
may result in eompartmentation of the tis-
sue free amino acid pools (27). The presence
of any of these situations limits the applica-
bility of single-isotope whole-body methods
for the measurement of human whole-body
protein synthesis rates.

The use of [15NJglycine. The PSR values de-
rived from the two methods used in this

study were closer for glycine than for any other
amino acid and are similar to those found
with _3C-labeled amino acids. No other
nonessential lSN-labeled amino acid has

been shown to be superior to glycine.
[_N]glycine has several distinct advantages
for studying human protein metabolism: 1)
Methods involving [_SN]glyeine are techni-
cally the simplest (e`g., single-point assays
(2); 2) [_SN]Glycine is relatively cheap and
readily available in a pure state; 3) More is
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known about the metabolism of [_SN]glycine

than any other tSN-labeled amino acid; 4)
Only [_SN]glycine offers the possibility of
simultaneously measuring liver-originated

plasma protein synthesis rates by using the
urinary hippuric acid to determine the en-
richment of the liver intraeellular glycine

pool (16).
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